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Carbon-centered radicals are nucleophilic or electrophilic species, depending upon the substituent at the radical center. Electron-donating substituents like alkyl or alkoxy groups increase the nucleophilicity' of radicals whereas electron-withdrawing substituents like ester or nitrile groups augment their electrophilic9 behavior. Calculations for a variety of cases have shown that nucleophilic radicals approach the olefinic carbon atoms at angles between 1 0 4 O and 108" at the UHF/3-21G level.3 Figure 1 shows the geometry for the addition of the methyl radical to ethylene at the UHF/6-31G* leveLJb Author to whom correspondence should be addressad.
' University of Basel. Transition state 1 is also in accord with substituent effects on rates. Thus, in addition of the nucleophilic cyclohexyl radical 2 to substituted acrylates 3 (Scheme I), alkyl groups R2 reduce the rate of addition only slightly, but alkyl groups R' at the attacked olefinic carbon atom exert huge ratedecreasing effects.Ib Absolute rate measurements for reactions of tert-butyl radicals with various alkenes exhibit comparable results.'
These unequal substituent effects point to unsymmetrical transition states 1 in which only the attacked olefinic carbon atom deviates considerably from its ground-state geometry. Therefore substituents at this center exhibit large steric effects. Normally nucleophiles and electrophiles add to carbonyls and alkenes with quite different geometries5 It was therefore of interest to determine to what extent electrophilic and nucleophilic radicals differ in their transition-state geometries.
We have now shown that addition reactions of electrophilic malononitrile radical 4 with substituted styrenes 5 (Scheme 11, Table I) give similar results to nucleophilic radicals, providing the first experimental evidence for the transition-state geometry of electrophilic radical additi~n.~ Substituents R' at the attacked carbon atom of alkenes 5 exert much larger ratedecreasing effects than adjacent substituents R2.6 The electrophilic radical 4 was generated via chlorine abstraction from chloromalononitrile 7 with tributylstannane at 20 "C in tetrahydrofuran under irradiation (Scheme 111). The malononitrile radicals are trapped by styrene 5 and give adduct radicals 6 that yield products 8 after hydrogen abstraction from tributylstannane. In kinetic competition reactions, a 10-fold or greater excess of pairs of styrenes was used. Determination of the product ratio via gas chromatography gives relative rates via pseudo-first-order Under the conditions of these kinetic experiments, trapping of radical 6 by tributyltin hydride (6 -8 ) is faster than &bond cleavage to starting alkene 5 and educt radical 4 (6 -4 + 5).* This was shown in reactions with &methylstyrene where no isomerization of the cis styrene to the more stable trans compound could be observed. Thus the results of kinetic experiments favor an unsymmetrical transition state for the addition reaction of electrophilic radicals to alkenes. To provide theoretical evidence for this conclusion, ab initio calculations were carried out for the transition state of the addition of the malononitrile radical 4 to ethylene? The two transition states 9a and 9b are shown in Figure 2 . Transition-state structures with angles of attack smaller than 90" could not be found.
The energy difference between reactants and the transition states 9a and 9b are 14.5 kcal/mol and 14.3 kcal/mol at the UH F/6-3 IG*//UHF/6-31G* level.I0 Inclusion of electron correlation effects lowers the energy difference considerably to 8.8 kcal/mol for 9a and 8.6 kcal/mol for 9b at the PMP3/6-31G*//UHF/6-31G* level of theory. From Figure 2 it can be seen that the geometries for the two transition states are very similar. A comparison with the transition state 1 shows that the differences in geometry between approach of the electrophilic malononitrile radical 4 and the nucleophilic methyl radical to ethylene are rather small. Only the distance between the reactants is slightly shorter for the malononitrile radical (2.14 A) as compared to the methyl radical (2.25 A). The pyramidalization of (6) A referee questioned why a-methylstyrene is less reactive with malononitrile radicals than styrene. The electrophilic trichloromethyl radical reacts 4.2 times faster with a-methylstyrene than styrene at 80 "C (Kharasch, M. S.; Simon, E.; Nudenberg, W. J . Org. Chem. 1953, 18, 328) . It is possible that the transition state for the malononitrile radical addition is located later on the reaction coordinate, so that steric effects are slightly larger. 0002-7863/9 1 / 1 5 1 3-4325$02.50/0 the ethylene carbon atom being attacked is 1 5 5 O for the methyl radical and 150' for the malononitrile radical. These parameters could indicate a somewhat later transition state for the reaction of malononitrile radical 4 with ethylene (transition states 9) compared to that of addition of methyl radicals (transition state 1). However, the angle of attack is virtually identical for both systems.
The addition of the electrophilic, heteroatom-based hydroxyl radical to ethylene had been investigated earlier? In this transition state the radical approaches the ethylene terminus by an angle of 106.4' . Comparison of the transition structures of nucleophilic radicaIs3*It to ambiphilic radicals ('CH2CHO)'' provides additional computational support for the near constancy of the attack angle cy regardless of the nature of the radical.
